Galactic cosmic rays (GCR) have been suggested as a possible contributory mechanism to cloud formation. If these are significant then, in addition to the similarity between long-term(years) changes in GCR and cloud cover, there should also be a similarity over shorter(days) time scales. This paper reports an analysis of changes in global cloud cover and GCR recorded at three hourly intervals over 22 years. There is a significant correlation between short-term changes in low cloud cover over northern and southern hemispheres, consistent with about 3% of the variation arising from common factors. However, GCR is not a major factor responsible for cloud cover changes. There is an association between short-term changes in low cloud cover and galactic cosmic radiation over a period of several days. This could arise if approximately 3% of the variations in cloud cover resulted from GCR.
Introduction
secondly, is there evidence of a short-term association between galactic cosmic rays (GCR) and fractional cloud cover?
The context of these questions is the possibility that galactic cosmic rays might affect the weather. Ney (1959) first made this suggestion and thought that ionisation by cosmic rays within the lower atmosphere could be a possible mechanism.
It has been suggested that ionised particles could act as nuclei for cloud formation and hence be a plausible explanation for a correlation between GCR and cloud cover.
Alternative explanations include the electro-freezing effect on clouds due to vertical currents induced by the interaction of the solar wind with the magnetosphere (Tinsley, 1996) , the indirect cloud modulation by UV-heating of the stratosphere consequent changes in global circulation patterns (Haigh, 1996) and changes in total solar irradiance (Kristjansson et al 2002) . Svensmark and Friis-Christensen (1997) used satellite data from the International Satellite Cloud Climatology Project (ISCCP) over the years 1983 to 1990 and made comparisons with the changes in cosmic radiation flux over the same period. Using other satellite data they extended the measurement period to cover 1980 to 1995 and concluded that there was a significant positive correlation between total cloud cover over the oceans and changes in GCR. The changes were about 3% over the solar cycles in both cloud and cosmic radiation. ISCCP data up to 1995 were used by Marsh and Svensmark (2000) to suggest that the greatest influence of GCR was on low cloud (<3 km) coverage. Marsh and Svensmark (2003) The publications referred to in the previous paragraph gave rise to many criticisms. Most of this criticism arose from the conclusions that had been drawn about how the measured changes in cloud cover might affect global climate. Gierens and Ponater (1999) made several criticisms and pointed out that the correlation between cloud cover and cosmic radiation had only been made for data collected over the oceans and excluded data from the tropics. More recently Usoskin et al (2006) showed that spurious correlations can arise between cloud at certain levels and GCR as a result of the strong correlations between cloud cover at different levels. The effect of these spurious correlations varies geographically. These spurious correlations will not produce a correlation between GCR and cloud where none exists but they will make interpretation of geographically variable correlations very difficult. Harrison and Stephenson (2006) inferred cloud cover over the period 1951-2000 by using the ratio of diffuse to total solar radiation and showed a correlation with days of high GCR. To avoid problems in the use of temporal data they used a scatter plot and a local polynomial fit to emphasize the non-linear relationship between diffuse fraction and GCR. High cosmic radiation flux was associated with an increase of 2% in the diffuse fraction and a 19% increased chance of it being an overcast day. Forbush events were associated with a decrease in the diffuse fraction.
However, the cloud data were only recorded for the UK.
Research into how GCR might affect global climate is still a controversial area.
Most of the research has been based upon correlations between cloud and cosmic radiation time-series. Unfortunately the attachment of an appropriate statistical significance to time-series correlation is difficult, although methods of dealing with this have been suggested. One of the difficulties is that the existence of a significant correlation does not imply any causal relationship between the two variables and indeed the correlation may be an artefact. A second difficulty is a particular problem when time series are correlated and concerns how to attach a statistical probability to the result. The problems in attaching a probability to a correlation coefficient between two time series were recognised a long time ago. A simple test of significance makes the assumption that the observations are normally distributed and that successive observations are independent. The first assumption has been shown not to be particularly important as tests of significance appear to be insensitive to variations in the frequency distribution of the data. However, the second assumption is rarely fulfilled in time series and it cannot be ignored. Orcutt and James (1948) considered the problem in the context of financial trends. Dawdy and Matalas (1964) considered it in the context of geological data and Mitchell et al (1966) (1935) in which the variance that can be expected by chance on the correlation between two time series is discussed. This is the method that has been adopted in this paper.
The continuity of data from the ISCCP project gives a growing data base that should enable some firm conclusions to be drawn. The purpose of the research described in this paper was to take a critical look at the suggested relationship between GCR and global cloud cover and to see if short-term correlations exist.
Global data on changes in cloud cover and GCR at 3 hourly intervals over 22 years are analysed.
Methods
Data on cloud cover, GCR and geomagnetic variations were obtained at 3-hourly intervals over the period . In all cases the data were filtered to remove spurious correlations. A high-pass (4 cycles per annum) version of the data was derived in order to investigate short-term(periods between 6 hours and 3 months) changes in the variables.
Cloud
Data on global fractional cloud cover were derived from the data made available D1 data contains 202 parameters for each of the 6 596 cells that cover the globe. The ratio of parameters 11(total number of pixels) and 12(number of cloudy pixels) was used to produce the fraction of cloudy pixels. The sum of parameters 28(number of IR-cloudy pixels 680<PC(Cloud top pressure)≤800 mb or hPa) and 29(number of IR-cloudy pixels 800<PC≤1000 mb) as a fraction of parameter 11 was used to give the fraction of low cloud pixels (IR-cloudy pixels between 680 and 1000 mb). Low cloud top temperature was derived as the mean of parameters 111(Mean TC(Cloud top temperature) for IR-cloudy pixels 680<PC≤800 mb) and 112(Mean TC for IR-cloudy pixels 800<PC≤1000 mb). In all cases the parameters were calculated separately for the northern and southern hemispheres.
In order to reduce spurious correlations caused by the presence of a regular daily variation in all the measured parameters a band-stop filter was applied to all the data. This digital filter was applied in Matlab ® and was applied to the fundamental frequency plus the first two harmonics and was a 5 th order Chebyshev filter with a bandwidth of 4%. An anti-alias low pass filter was also applied to the data. In addition a high pass filtered version of all the data was produced in order to remove long term variations and isolate the short term changes. The filter applied was a 5 th order
Butterworth high-pass filter with a cut-off frequency of 4 cycles per annum. All data sets filtered in this way were given the extension _HP. A 10 day stretch of unfiltered and filtered data is shown in Figure 2 (a). were applied as were used for the cloud data to provide the derived parameters Cosmic and Cosmic_HP. These vectors were of the same length as those for the derived cloud parameters.
Geomagnetic variations
In addition to the data on cloud and cosmic radiation measurements of geomagnetic variation were also assembled in order to verify the expected correlation with cosmic radiation variations. Geomagnetic data were downloaded from the British Geological parameter is skewed about the mean the natural logarithm of the parameter was used.
The mean value of this parameter was 2.34 (SD 0.87). The time series was filtered in the same way as for the cloud data to a produce a high pass filtered data set. 
Analysis
As discussed in section 1. there are considerable problems in the use of correlation coefficients in the analysis of time series where successive data points are not independent. In this paper this problem has been approached by using an 'effective sample size' (see Meko(2005) ) N ′ given by: The statistical comparisons use a two-tailed t test.
Results
The data were analysed separately to identify first long-term(years) and then shortterm(periods between 6 hours and 3 months) changes.
Long term changes in cloud cover and cosmic radiation
Long-term data were recorded at 3 hourly intervals over 22 years, with a band-stop filter applied to reduce daily variations and with an anti-alias filter applied. No highpass filter was applied. Basic statistics on the cosmic and cloud derived parameters are given in Table 1 . The names of the derived parameters given in the first column will be used throughout this manuscript.
If the cloud data were subject to a common, perhaps extra-terrestrial, factor then it seems reasonable to expect there to be a similarity between the changes found in the two hemispheres. In order to identify any similarity the correlation coefficients between the data for the two hemispheres were calculated. All cloud north and All cloud south give a negative correlation (-0.033) but the number of degrees of freedom is only 13, even though the number of data points is large (64 288). Low cloud north and Low cloud south give a positive correlation (0.071) with 213 degrees of freedom.
Cloud temperature north and Cloud temperature south give a positive correlation (0.338) with 6 degrees of freedom. None of these correlations reaches a 5% level of significance because of the low number of degrees of freedom. The degrees of freedom were calculated using autocorrelation coefficients in the way described in the methods summary. The short-term(periods between 6 hours and 3 months) data is that recorded at 3 hourly intervals over 22 years, with a band-stop filter applied to reduce daily variations and with an anti-alias filter applied. In addition this data was also subjected to a high-pass filter at 4 cycles per annum as described in Methods. Basic statistics on the high pass filtered cosmic and cloud derived parameters are given in Table 1 .
As for the long-term data, if the high-pass cloud data is subject to a common factor then it seems reasonable to expect there to be a similarity between the changes found in the two hemispheres. In order to identify any similarity the correlation coefficients between the data for the two hemispheres were calculated. All cloud north_HP and All cloud south_HP give a negative correlation (-0.071), the number of degrees of freedom is 10,025 and the result is statistically significant (p<0.01). Low cloud north_HP and Low cloud south_HP give a positive correlation (0.022), the number of degrees of freedom is 11,948 and the result is significant (p<0.02) . Cloud temperature north_HP and Cloud temperature south_HP give a positive correlation (0.050), the number of degrees of freedom is 14 827 and the result is significant (p<0.01). The total number of data points was in all cases 64 288 and the degrees of freedom were calculated using autocorrelation coefficients in the way described in the methods summary. The cross correlation functions of the above data are shown in Figure 2 . Whilst there appears to be a positive short term(<1 day) correlation with zero time delay for all three cloud parameters there also appears to be a longer term(1-3 days) correlation. This is particularly obvious as a negative correlation for the All cloud parameter. In order to identify any similarity between the high-pass filtered GCR and cloud data correlation coefficients were calculated and are shown in Table 3 . The correlation between pairs of the three cloud parameters show very significant correlations (p<0.01). However, only the low cloud changes show a significant correlation (0.029) with the changes in cosmic radiation (p=0.04). In order to check the consistency of this result the correlation coefficients were calculated separately for the first and second halves of the time series. These were 0.031 and 0.027 respectively.
The possibility of a difference between the correlations for the northern and southern hemispheres with cosmic radiation was also considered. The correlations between low cloud and GCR for the northern and southern hemispheres respectively gave coefficients of 0.035 and 0.010.
The cross correlation function of the low cloud data used in Table 3 is shown in Figure 3 . The positive peak is not very clear even though the zero delay coefficient is statistically significant. The curve shows a lag correlation with the maximum at a time delay of about 2 days, with the changes in GCR occurring before the cloud changes. The zero delay correlation of the lower curve could arise if approximately 3% of the variations in low cloud cover were the result of GCR.
Geomagnetic and Cosmic radiation variations
The cross correlation function between the high-pass filtered geomagnetic and GCR data showed a strong negative correlation (-0.25) with the maximum correlation at a time delay of 15 hours. This corresponds to the geomagnetic changes preceding the cosmic radiation changes 
Discussion
The first question posed in the Introduction asked if there was evidence of a shortterm(days) common or external influence on fractional global cloud cover. This question was addressed by comparing the changes in cloud cover over the northern and southern hemispheres. Statistically significant positive correlations were observed in both low cloud and cloud temperature but total cloud cover gave a significant negative correlation. Inspection of the cross correlation function (Figure 2 ) shows why this negative correlation arises. In addition to a very short-term positive correlation in both low and all cloud fractions, there is also a negative correlation over a period of a few days in the fraction of both low and total cloud. One possible explanation for this is the migration of large weather patterns across the equator perhaps linked to the Intertropical Convergence Zone. Such a migration might give transient opposing changes in the two hemispheres and so appear as a negative correlation. However, there are relatively few major weather patterns that cross the equator so this is an unlikely explanation for the negative correlations over a few days.
An alternative explanation is seasonal cycles that would be in anti-phase between the two hemispheres. This cannot be excluded as a possibility although the negative correlation shown in Figure 2 (b) only last for a few days which is a short period for seasonal changes to occur. Caution should also be exercised when interpreting the relative changes in low and total cloud cover in the light of the paper by Usoskin(2006) which was discussed in the Introduction.
There is a strong positive correlation in all three cloud parameters over a period of 3-6 hours. This is consistent with there being a common or external The second question posed asked if there was evidence that short-term changes in GCR are associated with similar global changes in cloud cover. Table 3 presents the relevant correlation coefficients. There was no significant correlation between GCR and total cloud cover but there was a significant positive correlation The unfiltered long term data does not show any correlations with cosmic radiation that reach a 5% significance level. However, the correlation between global low cloud and GCR (Table 2 ) is significant at the 6% level. Svenmark and FriisChristensen (1997) and Marsh and Svensmark (2000) used data excluding the tropics and over land mass, whereas our data were for the whole globe. The fact that the cross-correlation function between global total cloud and GCR shows a maximum corresponding to the changes in cloud preceding the cosmic changes by 403 days is not consistent with a long term causal relationship. However, it is worth noting that peaks in the 11-year cycle of total solar irradiance(TSI) occur 1-2 years before the minima in GCR so that TSI could give a better zero-lag correlation.
Data on geomagnetic variations was included in order to test the interpretation of the cross correlation functions. A strong negative correlation between variations in GCR and geomagnetic fluctuations was found but with a time delay of about 15 hours. This is consistent with the fact that, whereas the geomagnetic variations occur very soon after a sudden change in solar activity, the changes in GCR arise from the arrival of charged particles at the earth several hours after the solar events which have caused the changes. However, it has been pointed out by Harrison and Aplin (2001) that the Wilson cloud chamber operates with air in a very highly supersaturated condition which is probably not found in the atmosphere. Wilson used a piston to produce an adiabatic expansion of water vapour saturated air at room temperature to produce a supersaturated medium.
He used expansions of the order of 30% before particle tracks could be seen.
Alternative mechanisms for the production of cloud condensation nuclei by GCR have been proposed by Marsh and Svensmark (2000) , linked to the background aerosol distribution within the atmosphere. Harrison and Aplin (2001) showed some evidence for correlation between increases in the number of condensation nuclei and high ion concentrations, particularly in association with cosmic radiation events. Carslaw et al (2002) reviewed the physical mechanisms for the formation of cloud condensation nuclei. In particular they considered both a clear-air mechanism and a near-cloud mechanism whereby the presence of ions enhances the birth and growth of aerosol particles in the atmosphere. They quoted the rates of ion production by GCR, which will limit the rate at which GCR might influence changes in the concentration of condensation nuclei to a minimum of several hours. They stressed the need for further observations. Our observations of significant correlations over periods from about 6 hours to several days are consistent with the mechanisms proposed by Carslaw et al (2002) . There is certainly neither, agreement on the ways in which GCR might affect cloud formation nor, on the significance of this to global cloud cover. water droplet formation inside a large cloud chamber simulating a range of atmospheric conditions. The CLOUD project is still in progress.
The conclusion of this analysis of the changes in cloud cover and GCR is that there is a statistically significant correlation between the short-term (between 6 hours and 3 months) changes in low cloud cover of the northern and southern hemispheres, consistent with about 3% of the variation arising from extra-terrestrial or global factors. However, the correlations with GCR do not suggest that this is a major factor responsible for the measured variations in cloud cover. None-the-less there is a statistically significant (p<0.05) association between short-term changes in low cloud cover and GCR over a period of several days. This could arise if approximately 3% of the variations in low cloud cover were the result of cosmic radiation. The correlations between the long-term (longer than 3 months) changes in cloud cover and GCR did not quite reach a 5% level of statistical significance in this study (p=0.06). Table 2 . A correlation coefficient matrix for the three global cloud parameters and the galactic cosmic radiation parameter. In every case the first coefficient of the auto correlation function is given in the first column and n, the associated number of degrees of freedom, in the subsequent columns. The correlation coefficients that reach statistical significance are marked with a single asterisk if the 5% level is reached and with two asterisks if the 1% level is reached.
Short-term(days) correlations between the cloud and cosmic variables
All the data has been highpass filtered Table 3 . A matrix of correlation coefficients for the three high-pass global cloud parameters and the high-pass cosmic radiation parameter. In every case the first coefficient of the auto correlation function is given in the first column and n, the associated number of degrees of freedom, is given in the subsequent columns. The correlation coefficients that reach statistical significance are marked with a single asterisk if the 5% level is reached and with two asterisks if the 1% level is reached. The lower curve appears to show a negative correlation over a period of a few days but a positive correlation for more rapid changes. Indeed all three curves show some evidence for both changes.
Legends

Figure 3
Short-term cloud and cosmic radiation changes. This shows the cross correlation function between Low cloud_HP and Cosmic radiation_HP. Tables   Table 1 Basic statistics on the cloud and cosmic parameters. The coefficient of variation is the standard deviation expressed as a percentage of the mean value of the parameter. In every case the variables were vectors of 64 288 points at intervals of 3 hours. Table 2 . Long-term correlations between the cloud and cosmic variables. A correlation coefficient matrix for the three global cloud parameters and the cosmic radiation parameter. In every case the first coefficient of the auto correlation function is given in the first column and n, the associated number of degrees of freedom, in the subsequent columns. The correlation coefficients that reach statistical significance are marked with a single asterisk if the 5% level is reached and with two asterisks if the 1% level is reached. Table 3 . Short-term correlations between the cloud and cosmic variables. A matrix of correlation coefficients for the three high-pass global cloud parameters and the high-pass cosmic radiation parameter. In every case the first coefficient of the auto correlation function is given in the first column and n, the associated number of degrees of freedom, is given in the subsequent columns. The correlation coefficients that reach statistical significance are marked with a single asterisk if the 5% level is reached and with two asterisks if the 1% level is reached. 
